The storage of biological samples may affect detection of viral nucleic acid, yet the stability of viral nucleic acid at standard laboratory storage temperatures (؊70°C and ؊20°C) has not been comprehensively assessed. Deterioration of viral RNA and DNA during storage may affect the detection of viruses, thus leading to an increased likelihood of false-negative results on diagnostic testing. The viral loads of 99 hepatitis C virus (HCV), 41 HIV, and 101 hepatitis B virus (HBV) patient samples were measured before and after storage at ؊20°C and ؊70°C for up to 9.1 years using Versant branched DNA assays, Cobas Monitor assays, and/or AmpliPrep/AmpliScreen assays. Clinical samples stored at ؊20°C for up to 1.2 years and at ؊70°C for up to 9 years showed a statistically significant difference from baseline with respect to HCV RNA titer, although this difference was not greater than 0.5 log 10 unit. The concentration of HIV RNA in clinical samples stored at ؊20°C for 2.3 years and at ؊70°C for up to 9.1 years did not differ significantly from the baseline viral load. HBV DNA-positive clinical samples stored at ؊20°C for up to 5 years and at ؊70°C for up to 4 years differed significantly in viral load. In all studies, however, the loss of viral load of HCV, HIV, or HBV in clinical samples tested after storage at ؊20°C and ؊70°C for up to 9 years ranged from 0.01 to 0.35 log 10 IU/ml and did not exceed 0.5 log 10 , which is the estimated intra-assay variation for molecular tests. Hence, the loss was considered of minimal clinical impact and adequate for the detection of HCV, HIV-1, and HBV nucleic acids using nucleic acid assays for the assessment of the infectious risk of cell, blood, and tissue donors.
Biological samples stored for long time periods are increasingly being utilized as therapeutic agents, for example, for cord blood allografts in children with hematological malignancy (3) and bone allografts during reconstructive surgery (12) . The safety of these allografts with respect to transmission of the blood-borne viruses (BBVs), human immunodeficiency virus (HIV), hepatitis B virus (HBV), and hepatitis C virus (HCV), needs to be accurately assessed, often years after the sample was collected. This requires confidence that the result of the nucleic acid test (NAT) used will be accurate and is dependent upon (i) the robustness of the assay (18) , (ii) the sensitivity of the NAT, and (iii) the stability of the target nucleic acid, which must not have deteriorated significantly during handling and storage of the samples. Many authors report that storage conditions of samples may affect nucleic acid stability, and, hence, the ability to detect viral nucleic acid, especially detection of low viral concentrations, could be compromised (2, 4, 10, 11, 13, 14) . The stability of viral nucleic acid (RNA and DNA) under standard storage conditions (Ϫ70°C and Ϫ20°C) becomes critical for assessing the infectious status of cells, tissues, or organs being used therapeutically, where the nucleic acid concentrations are low, where the samples are stored for many years, or as is the case for nearly all commercial assays, where the NATs are validated for specimens stored for up to 1 month only. Viral DNA is more resistant to degradation under storage conditions since DNA is, in principle, more stable than RNA (7) . In order to ensure that deterioration of viral RNA and DNA during storage does not affect the detectability of viruses, we evaluated the stability of viral RNA and DNA of clinical samples known to be positive for HIV, HCV, or HBV stored at Ϫ20°C and Ϫ70°C for up to 9 years. The results support the adequacy of these previously nonconformant samples for detection of HIV, HCV, and HBV nucleic acid, using commercial assays in the area of regulated, licensed testing, in blood from donors of biological therapeutics such as cord blood (1) and bone allografts (21) .
MATERIALS AND METHODS
Plasma samples were stored following initial baseline testing at Ϫ20°C and/or Ϫ70°C in routinely monitored freezers. Samples were tested either at the South Eastern Area Laboratory Service (SEALS), Department of Microbiology at the Prince of Wales Hospital (Sydney, Australia), or the Victorian Infectious Diseases Reference Laboratory (VIDRL; Melbourne, Australia) with assays performed by different operators due to the time span of the study.
Stability of HCV RNA. (i) Stability of HCV RNA in samples stored for 1.2 years at ؊20°C and ؊70°C. Seven plasma samples with HCV RNA levels of between 1 ϫ 10 6 and 1 ϫ 10 7 IU/ml were collected and tested using the Roche Cobas AmpliPrep/Cobas TaqMan HCV (CAP-CTM) assay (Roche Diagnostics, GmbH, Mannheim) on different dates. The plasma samples were diluted with fresh frozen plasma (FFP) from the SEALS Blood Bank known to be negative for HIV, HCV, and HBV by both serology and NATs. Three serial dilutions were performed with FFP: 1/100 for a final concentration of 10 4 IU/ml, 1/1,000 for a final concentration of 10 3 IU/ml, and 1/10,000 for a final concentration of 10 Samples were initially tested using the Roche Cobas AmpliPrep/Cobas TaqMan HCV assay and subsequently diluted and divided into two aliquots, placed in two different cryoboxes, and allocated to one of the two storage protocols (Ϫ20°C or Ϫ70°C) for 1.2 years. Following 1.2 years of storage, aliquots of each concentration were thawed at ambient temperature for 1 h and tested immediately on the Roche Cobas AmpliPrep/Cobas TaqMan HCV assay. The limit of detection of this assay was 15 IU/ml, and the linear range was 43 IU/ml to 6.90 ϫ 10 7 IU/ml.
(ii) Stability of HCV RNA in samples stored for 1 year at ؊20°C. Thirty-five HCV RNA-positive plasma samples were tested using the Siemens Versant HCV RNA, version 3.0 (Versant HCV RNA 3.0) branched DNA [bDNA]) assay (Siemens Healthcare Diagnostics, Tarrytown, NY) and stored at Ϫ20°C for 1 year. After a year, the samples were collected, thawed, and retested using the same assay. The limit of detection of this assay was 615 IU/ml, and the linear range was 615 IU/ml to 7.69 ϫ 10 6 IU/ml.
(iii) Stability of HCV RNA in samples stored for up to 9 years at ؊70°C. Twenty-two HCV RNA-positive plasma samples were tested using the Roche Cobas Amplicor HCV Monitor (version 2.0) assay and stored at Ϫ70°C for up to 9 years; samples were thawed, and the viral load was measured using the same assay. The limit of detection of this assay was 600 IU/ml, and the linear range was 600 IU/ml to 7 ϫ 10 5 IU/ml. 4 IU/ml were selected, and samples were stored for 2.3 years at Ϫ20°C. Subsequent to storage, these samples were thawed and retested using the same assay. The limit of detection of this assay was 50 copies/ml, and the linear range was 50 copies/ml to 5 ϫ 10 5 copies/ml.
Stability
(ii) Stability of HIV-1 RNA in samples stored for up to 9.1 years at ؊70°C analyzed with Cobas Amplicor HIV-1 Monitor (version 1.5) assay. Nineteen plasma samples positive for HIV RNA using the Roche Cobas Amplicor (version 1.5) assay (standard specimen and control preparation) were stored for up to 9.1 years at Ϫ70°C. The samples were thawed and then tested using the Roche Cobas Amplicor (version 1.5) assay with ultrasensitive specimens and the control preparation, which increases the sensitivity of the Cobas Amplicor (version 1.5) assay. The limit of detection of the standard specimens and control preparation was 400 copies of HIV RNA/ml, and the linear range was 400 copies/ml to 7.5 ϫ 10 5 copies/ml. The limit of detection of the ultrasensitive specimens and control preparation was 50 copies of HIV RNA/ml, and the limit of detection was 50 copies/ml to 10 5 copies/ml.
Stability of HBV DNA. (i)
Stability of HBV DNA in samples stored for 1.8 to 5 years at ؊20°C. Thirty HBV DNA-positive plasma samples were tested using the Roche Cobas AmpliPrep/Cobas TaqMan assay and stored at Ϫ20°C for up to 1.8 years. Following storage, these samples were thawed and reanalyzed using the same assay. Another 40 serum samples positive for HBV DNA were tested at the VIDRL using the Siemens Versant HBV DNA 3.0 (bDNA) assay and subsequently reanalyzed using the same assay after 5 years of storage. The limit of detection of the Cobas AmpliPrep/Cobas TaqMan HBV assay was 12 IU/ml, and the linear range was 20 IU/ml to 1.7 ϫ 10 8 IU/ml, and the limit of detection of the Versant HBV DNA 3.0 (bDNA) assay was 351 IU/ml HBV DNA, and the linear range was 3.51 ϫ 10 2 to 1.8 ϫ 10 7 HBV DNA IU/ml.
(ii) Stability of HBV DNA in samples stored for up to 4 years at ؊70°C. Thirty-one HBV DNA-positive serum samples previously tested at VIDRL using the HBV bDNA assay were stored at Ϫ70°C for up to 4 years and reanalyzed using the same assay.
Statistical analysis. The differences of the log 10 -transformed HCV RNA, HIV RNA, and HBV DNA loads before and after the storage period were calculated. The 95% confidence intervals (CIs) were calculated with the mean and the standard deviation (SD) for the log difference. The mean Ϯ SD was plotted into figures using GraphPad Prism software (version 5 for Windows; GraphPad Software, San Diego, CA). The Student's t test (2-tailed) was used to determine significance between the mean difference in viral load following storage at Ϫ20°C and Ϫ70°C for HCV, HIV, and HBV, where a P value lower than 0.05 was considered significant. However, if the two-sided 95% CI of the RNA/DNA difference before and after storage was within Ϯ0.5 log 10 unit, then equivalence was claimed between these values, as a difference in RNA/ DNA of less than 0.5 log 10 should not be taken into consideration due to the intra-assay standard deviation of molecular tests, which is estimated to be Ϯ0.5 log 10 unit (17, 19) .
RESULTS
HCV RNA stability. The results of the viral load testing of 56 HCV RNA samples stored for 1 to 1.2 years at Ϫ20°C are shown in Fig. 1A . There was a difference in the level of HCV RNA between samples tested at baseline and after storage at Ϫ20°C using the Versant HCV RNA 3.0 (bDNA) assay or CAP-CTM assay (means Ϯ SDs, 0.13 Ϯ 0.09 and 0.05 Ϯ 0.15 IU/ml, respectively). There was also a decline in the mean viral load of 22 HCV RNA samples measured with the Cobas Amplicor Monitor assay at baseline and after storage for 9 years at Ϫ70°C (mean Ϯ SD, 0.35 Ϯ 0.19 IU/ml; Fig. 1B) . Figure 2 shows that overall there was a decline in the mean viral load for HCV RNA-positive samples stored at Ϫ20°C and Ϫ70°C. The mean of the difference in viral loads within identical samples stored at Ϫ20°C and Ϫ70°C (see Materials and Methods) was statistically significant (P Ͻ 0.0001), indicating a greater loss of HCV viral titer following storage at Ϫ70°C. However, the standard deviations were greater than the mean RNA loss, indicating a significant intra-assay variation that can explain this difference. Overall the Ϯ95% CI was less than 0.5 log 10 IU/ml in all cases. HIV-1 RNA stability. The mean viral load of 22 HIV-1 RNA samples measured with the Versant HCV RNA 3.0 (bDNA) assay at baseline and after storage at Ϫ20°C for 2.3 years showed RNA loss (mean Ϯ SD, 0.18 Ϯ 0.17; Fig. 3A) . Figure  3B shows the results from 19 HIV-1 RNA samples following storage for up to 9.1 years at Ϫ70°C measured with the Cobas Amplicor Monitor assay. In three of the samples, a viral load loss of greater than 0.5 log 10 copy/ml was observed. Samples measured with this assay also exhibited a SD of 0.51, indicating a significant intra-assay variation. Overall, there was no significant difference (P ϭ 0.73) between the mean of the difference in viral loads following storage at Ϫ20°C and Ϫ70°C (Fig. 2) , and the 95% CIs were less than 0.5 log 10 IU/ml under both storage conditions. HBV DNA stability. There was a significant decline in the mean HBV DNA load of four samples measured with the CAP-CTM assay before and after storage at Ϫ20°C for 1.8 years (Fig. 4A) . The mean HBV viral load showed a difference for 40 samples stored at Ϫ20°C for up to 5 years (mean Ϯ SD, 0.04 Ϯ 0.19; Fig. 2 ) and for 31 samples stored at Ϫ70°C for up to 4 years (mean Ϯ SD, 0.01 Ϯ 0.23) There was a statistically significant difference (P Ͻ 0.005) between the mean of the difference in viral loads following storage at Ϫ20°C and Ϫ70°C, indicating a slightly greater loss of HBV viral titer following storage at Ϫ20°C. As with previous results, the standard deviations were greater than the mean DNA loss before and after storage. Furthermore, the 95% CI was less than 0.5 log 10 IU/ml in both cases (Fig. 4B) .
DISCUSSION
Quantitative viral NATs are important in assessing the response to antiviral therapy, as a surrogate for predicting clinical progress, and in some settings as a confirmatory diagnostic assay (2, 5, 16) . It is imperative that blood collection, processing, and storage methods be optimized to ensure the accuracy and reproducibility of viral load test results. This should apply within a specific laboratory, among different laboratories, and across different test methodologies.
Most studies demonstrate no substantial loss of HIV-1 or HCV viral titer during storage over many years, although some studies show reductions with time (6, 13, 15, 19) . Ginocchio et al. found significant decreases in the mean plasma HIV-1 load when the plasma was stored for over 6 months at Ϫ70°C, although these investigations used a lower acceptability range (0.3 log versus the 0.5 log used in this study) (10). Todd et al. found a significant decline in HIV RNA levels in samples stored at Ϫ20°C compared with those in samples stored at Ϫ80°C after 6 months of storage, where a 30 to 80% decrease in HIV-1 RNA levels was observed at Ϫ20°C compared to Ϫ80°C (20) . In the current study, similar losses at Ϫ20°C and Ϫ70°C were reported following storage for up to 2.3 years and 9.1 years, respectively (Table 1) .
Sebire et al. (19) showed that the HCV RNA titer was stable for 12 months at Ϫ70°C, which is consistent with the findings of 
FIG. 3. (A)
Mean Ϯ SD HIV RNA load (log 10 number of copies/ ml) at baseline and after storage at Ϫ20°C for 2.3 years using the Versant HCV RNA 3.0 (bDNA) test; (B) mean Ϯ SD HIV RNA load (log 10 number of copies/ml) at baseline and after storage at Ϫ70°C for up to 9.1 years tested using the Cobas Amplicor HIV-1 Monitor (version 1.5) test.
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on August 29, 2017 by guest http://jcm.asm.org/ HCV RNA for up to 6 months following storage at Ϫ80°C, with the loss of only 10% of the HCV titer, but reported a significant decrease (23%) following storage at Ϫ20°C (11). In contrast, José et al. showed no reduction in detectable HCV RNA and HIV RNA following storage at Ϫ20°C over periods of up to 5 years (13, 14) . In the current study, a significantly greater loss (P Ͻ 0.0001) of HCV RNA viral load was seen after storage at Ϫ70°C than at Ϫ20°C (Table 1 ). There are fewer published studies investigating the stability of HBV DNA under specific storage temperatures. Gessoni et al. studied the stability of samples containing different titers of HCV, HIV-1, and HBV. This study showed that while HCV and HIV-1 RNA can be stored for 72 h at 4°C, HBV DNA can be stored until 168 h (7 days) without lowering the viral titer (9). José et al. showed that HBV DNA stored at ϩ5°C and ϩ25°C was stable for at least 28 days, regardless of initial titer (14) . The longer stability of HBV DNA than HCV and HIV RNA has been attributed to the principle that DNA is more stable than RNA and, hence, more resistant to the effects of storage conditions (7, 14) .
The conflicting results may be explained by the fact that in some cases the coefficient of variation (CV) of the molecular assays is greater than the real titer decay (9, 11) . The CV of the Versant HCV RNA 3.0 (bDNA) assay ranges from 14 to 26%, that of the CAP-CTM assay ranges from 15 to 30%, and that of the Cobas Amplicor Monitor assay ranges from 22 to 34.5%. This intra-assay variation inherent to molecular assays is shown in the high standard deviations of all viral load measurements, which in 6/9 cases exceeded the mean RNA/DNA loss (Table  1) . Therefore, official recommendations have stated that HIV and HCV RNA titers be expressed in log 10 and that variations of less than 0.5 log 10 copies/ml (3 to 6 log 10 units of the absolute number of genome copies by a factor of 3) not be considered significant (17) .
The question arises: should we use classical statistics to test this type of variation? As we know, "statistically significant" simply means that the statistics used are reliable, but it does not mean that the finding is important, nor does it have a decision-making utility, because it can be weak or strong or large or small according to the method used, the null hypothesis, and the sample size. As mentioned above, it is generally accepted for molecular assays that a variation of less than 0.5 log 10 RNA copy number/ml and 0.5 log 10 RNA IU/ml should not be taken into account (2, 17, 19) . The absolute values of HIV RNA loss at Ϫ20°C and Ϫ70°C (Ϫ0.18 and Ϫ0.22, respectively) are similar to those for HCV RNA (Ϫ0. 13 and FIG. 4 . (A) Mean Ϯ SD HBV DNA load (log 10 IU/ml) at baseline and after storage at Ϫ20°C for up to 5 years tested using the CAP-CTM assay and the Versant HCV RNA 3.0 (bDNA) test; (B) mean Ϯ SD HBV DNA load (log 10 IU/ml) at baseline and after storage at Ϫ70°C for up to 4 years tested using the Versant HCV RNA 3.0 (bDNA) test. on August 29, 2017 by guest Ϫ0.35, respectively), yet Student's t test (2-tailed) brings forward a significant difference for HCV and a nonsignificant difference for HIV. We thus propose to take the two-sided 95% CI of the RNA/DNA difference before and after storage within Ϯ0.5 log 10 unit to be the acceptable limit of RNA loss. While results showed a statistically significant loss (P Ͻ 0.005) of HCV RNA and HBV DNA following storage at Ϫ20°C and Ϫ70°C, the standard deviations were greater than the mean RNA/DNA loss in 60% (6/9) of the cases, indicating a significant intra-assay variability. Marked differences could have been found if the same sample had been tested on different occasions. Overall, the 95% CI was less than 0.5 log 10 IU/ml in all cases, using different assays: the Cobas AmpliPrep/ Cobas TaqMan, Cobas Amplicor Monitor, and Versant bDNA assays. Despite the different methodologies underlying these assays, there is a good correlation between the quantitation of HIV and HCV RNA and HBV DNA using the TaqMan, Monitor, and bDNA assays over a wide range of RNA/DNA levels (8, 22) . The type of assay for RNA/DNA quantitation in the current study did not affect the overall viral load levels following storage.
In conclusion, using three different assays (Versant bDNA assays and Cobas Ampliprep/Cobas TaqMan and Cobas Amplicor Monitor assays), we have shown that samples stored at Ϫ70°C for up to 9 years exhibited a significant loss of HCV RNA load, consistent with the results of previous studies, although it was less than 0.5 log 10 HCV RNA titer. Similarly, HBV DNA samples stored at Ϫ70°C for up to 4 years did show a significant loss of HBV viral load. The results also show a loss of less than 0.5 log 10 HBV DNA, HCV RNA, and HIV-1 RNA at up to 5 years, 2 years, and 2.3 years of storage at Ϫ20°C, respectively. Such samples are adequate for the detection of HCV, HIV-1, and HBV nucleic acids using NATs for the assessment of the infectious risk of cell, blood, and tissue samples from donors.
